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ABSTRACT
This paper presents a techno-economic analysis of a novel solar thermal and air source heat pump system. The
system was designed for relatively high operating temperatures in the space heating circuit and included the use of a
heat pump with vapor injection cycle and vacuum insulation on the storage tank. The system model was validated
against measurements in laboratory and simulated in TRNSYS 17. Annual simulations were performed for the
combination of two climates (Carcassonne and Zurich) and two house standards (SFH45 and SFH100) and the best
results were achieved for the boundary conditions the system was designed for. For those conditions (Zurich and
SFH100), the novel system showed potential for being cost-effective compared to state of art solar and heat pump
system. The “additional investment limit”, i.e. the maximum extra investment cost for the novel system in
comparison to a state of art benchmark system that gives a break even result for a period of 10 years, varied between
827 € and 2482 € depending on electricity price. The results of a sensitivity analysis showed that variations in
electricity price affected the additional investment limit far more than the other economic parameters.

1. INTRODUCTION
Solar thermal and heat pump combisystems are a relatively common solution in the market of systems for space
heating (SH) and hot water preparation (DHW) for single family houses in Europe. Air source heat pumps (ASHP)
are often used due to their easy installation and their comparatively low price, but their seasonal performances may
not always be satisfactory, especially when they must deliver heat at high temperatures, e.g. for DHW purposes,
during winter time. By injecting vapor refrigerant into the compressor, the discharge temperature is decreased and
both the heating capacity and the COP are increased significantly. Baek et al. (2014) showed improvements of
18.3% and 9.4% in heating capacity and COP respectively for a vapor injected heat pump compared to the case with
a non-injection cycle under the same conditions of low ambient air temperature.
The heart of solar thermal combisystems is the storage tank and by improving the thermal gradient of the storage, so
called storage stratification, system performances may increase significantly. Storage stratification can be improved
with the use of external heat exchangers for DHW preparation and with low return temperature to the tank (Bales
and Persson, 2003) and with the use of “stratifiers”, i.e. devices that direct the fluid to the correct height of the tank
(Andersen et al., 2004 and 2007a). Those studies showed potential for improving system performances by
improving storage stratification, but relative improvements were dependent on system design and operation as well
as the solar fraction. Tank heat losses cause a reduction in heat available in the thermal storage, especially in the
upper volume of the tank, and thus lead to more use of the heat pump. Vacuum insulation panels (VIP) have small
thermal conductivity, about 6 to 10 times lower than conventional insulating materials, and thus a drastic reduction
of storage heat losses is possible with the use of VIP’s (Fuchs et al., 2007).
A novel solar thermal and ASHP system was built and tested within the frame of the EU-FP7 project “MacSheep”
(MacSheep, 2012-2015) and measured using a six-day whole system test (Chéze et al., 2016). The system aimed for
residential applications and was designed specifically for higher heat loads (~8 kW) and relatively high operating
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temperatures in the SH circuit (45°C/55°C). The system included the use of vapor injection cycle, VIP’s on the
storage tank and a stratifier unit, and with external heat exchangers for solar and DHW preparation. This study
reports a cost-effectiveness analysis of the novel solar heat pump system. The “additional investment limit” (Poppi
et al, 2016) was used to address cost-effectiveness. This is the maximum extra investment cost for the novel system
in comparison to a state of art benchmark system that will give a break even result for a period of 10 years. A
sensitivity analysis was also performed to show the impact of the main assumptions for economic parameters on the
additional investment limit and for a combination of two climates, Carcassonne and Zurich, and two house standards
(SFH45 and SFH100).

2. METHODOLOGY
2.1 Boundary conditions
This study has been carried out with the simulation platform TRNSYS 17 (Klein et al., 2011) with the boundary
conditions defined for the project MacSheep (Bales et al., 2015). Climate data and annual heating demands used in
this study are shown in Table 1.
Table 1: Climate data and annual heating demands for space heating (SH) and hot water preparation (DHW)

Design outside ambient temperature

Unit
[°C]

Carcassonne
-5.0

Zurich
-10.0

Average outside ambient temperature

[°C]

13.2

9.1

2

Itot,45S

[kWh/m year]

1561

1306

Annual DHW discharge energy

[kWh/year]

2691

3038

Annual SH demand (SFH45)

[kWh/year]

3673

8269

Annual SH demand (SFH100)

[kWh/year]

9172

17224

The heat distribution systems for the two houses are different, with the SFH45 house having design temperatures
representing floor heating (30°C/35°C) while for the SFH100 house design temperatures are for radiators
(45°C/55°C).

2.2 Performance figures and economic model
Performance figures are based on system boundaries that comprise the whole system, e.g. including solar collector,
heat pump, storage, controllers, valves, pumps and noticeably space heating distribution pump. Results in terms of
total electricity use (Wel,SHP+,pen) and seasonal performance factor (SPFSHP+,pen), which are defined in equation (1)
and (2) respectively, are only given for the complete year.
Wel,SHP+,pen = Wel,HP + Wel,SC + Wel, EH + Wel,Ctr + Wel,dist + Wel,DHW,pen + Wel,SH,pen
SPFSHP+,pen = (QSH +QDHW) ∕ Wel,SHP+,pen

(1)
(2)

Where Wel,HP is the total electrical energy use of the heat pump, W el,SC is the total electrical energy use of solar
circuit, Wel,EH is the total electrical energy use of auxiliary electrical heater, Wel,Ctr is the total electrical energy use of
controller, Wel,dist is the total electrical energy use of all circulation pumps, W el,DHW,pen and Wel,SH,pen are penalty
functions for DHW and SH respectively. Penalty factors were defined as in Bales et al., (2015) and in addition were
kept lower than 1% of total DHW energy and of total SH energy for all simulations to ensure that all systems
provided the same comfort level as well supplied energy. Results were compared to those of a state of art (SoA)
benchmark system for the given boundary conditions. The difference in total electricity use (Wel,SHP+,pen), defined
in equation (3), was used for the comparison. A negative value of Wel,SHP+,pen means a reduction in electric energy
use compared to the SoA benchmark system (Wel,SHP+,SoA,pen).
Wel,SHP+,pen = Wel,SHP+,pen - Wel,SHP+,SoA,pen
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The economic model is identical to the one described in Poppi et al. (2016). The framework of the model consists of
equations (4), (5) and (6) that were solved by successive iterations. Equation (4) was used to define the change in
annual cash flow at year n (Costn). Costn is calculated by summing the annuity cost (AN,n) and the change in
annual system running cost, which is calculated by multiplying the Wel,SHP+,pen and the annual electricity cost
(Cel,n). An electricity price (pel) of 0.20 €/kWh was assumed, which is the average value (with all taxes included) for
private householders of 27 European countries in the second semester of year 2013 (EUROSTAT, 2013). An annual
increase of inflation (j) of 2% for the electricity price was assumed. Equation (5) was used to define the annuity cost
and an interest rate (i) of 3% was assumed. The additional investment limit (Cost10), which is the result of equation
(6), is an input of equation (5). Equation (6) was used to define the additional investment limit (Cost10) that is the
maximum allowed change in cost between the system variation and the reference in order to have a payback time of
10 years. The Solver function of Excel was used to numerically identify Cost10 that gives zero for the cumulative
additional cost over a period of 10 years.
Costn = AN,n + Cel,n ·Wel,SHP+,pen
AN,n = Cost10 · (i·(1+i)n) ∕ ((1+i)n -1)
Cost10 = ∑10
𝑛=0(Costn) = 0

(4)
(5)
(6)

A sensitivity analysis was carried out to show the impact of the main economic parameters on the change in Cost10.
Scale factors (+50% ; +25% ; -25% ; -50%) were used for varying the value of interest rate (i), inflation rate (j) and
price of electricity (pel) from the base-case values. The sensitivity analysis was carried out by varying one parameter
at a time and by keeping the others constant (ceteris paribus).

2.3 State of art benchmark system
A schematic of the state of art (SoA) benchmark system, which was defined within MacSheep, is shown in Fig.1. It
is a parallel system with the solar collectors that charge the hot water store via an internal heat exchanger and an air
source heat pump that either charges the main store or serves the space heat load directly. A detailed description of
this system can be found in Bales et al. (2015).

Figure 1: Schematic of the state of art benchmark system
Results for the SoA benchmark system for the two house standards in Zurich (AZ45, AZ100) and in Carcassonne
(AC45, AC100) are shown in Table 2.
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Table 2: SPF and total electricity use for the SoA benchmark system
Unit
SPFSHP+,pen

[-]

AZ45
3.13

Wel,SHP+,pen

[kWh/year]

3615

AZ100
2.43

AC45
3.86

AC100
2.96

8326

1649

4007

3. NOVEL SYSTEM
3.1 Description
A schematic of the novel system is shown in Figure 2. It is a parallel system similar to the SoA benchmark system.

Figure 2: Schematic of the novel system. The heights of connections to the stratifier unit and the position of
temperature sensors in the store are shown in proportion
The solar field consists of 10 m2 flat plate collectors that are tilted 45° and orientated to the south. The 920 liters
water store has a stratifier unit in the center of store and external plate heat exchanger for solar and for DHW
preparation. All connections to the store are at the bottom and nearly all connected to the stratifier. This way of
connecting forms natural heat traps and creates an unbroken VIP insulation cover over the sides of the store. This
results in very low heat losses, in the amount of 334 kWh/year. The air source heat pump is a R410A split unit with
vapour injection and variable speed compressor. The heating capacity varies between 2.4 kW (A-10W35) at 2160
rpm and 8.5 kW (A-10W35) at 7020 rpm, covering the whole range of design heat loads for this study. The heat
pump is connected to the store and then to the stratifier, so that it charges either the upper volume for DHW
preparation or the volume for space heating, a so called four pipe connection. The connection can be switched via
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two 3-way-valves, so to connect either the heat pump or the space heating loop and in parallel to the store. When the
store is charged for space heating (SH mode), some part of the flow goes via the space heating distribution system
and the rest through the store in the amount depending on the operating conditions. The starts and stops of the heat
pump are controlled based on the temperature difference between the supply temperature and the buffer storage
temperature. The heat pump starts when the storage temperature (S3) drops below the set point minus a hysteresis of
3K. During running time, the heating capacity is adapted in order to reach the set point temperature according to the
heating curve. In DHW mode the control principle is the same, with the exception that two temperature sensors are
used in the upper part of store, S1 for the on control and S2 for the off. The set point temperature is chosen
according to the required temperature for DHW preparation. An auxiliary heater is placed in series with the heat
pump before the three-way valve between the heat pump and the store. The auxiliary heater switches on when the
heat pump cannot supply the set point temperature for SH or DHW preparation. It switches off once the temperature
of the heat pump supply line reaches the set point temperature.

3.2 Modeling
Type 832 QDT multinode model (Haller et al., 2012) was used for modeling the collector and parameters were
derived for a good quality flat plate collector according to the European standard EN 12975-2 (CEN, 2006a).
Type 340 (Drück and Pauschinger, 2006), which is a multiport and one dimensional multinode model, was used for
modelling the store. Main parameters were derived from laboratory tests carried out on the storage tank. All
connections from/to the store were modelled via double ports as stratified inlets, except for the heat pump
connections for charging the store in DHW mode, which were modelled as fixed inlets. Test measurements carried
out for the complete system revealed that mixing occurred in the upper half volume of the store while the heat pump
was charging the store and was presumably due to the high flow rates of the heat pump. In order to model the effect
of mixing in the store, an extra double-port was modelled as fixed inlets and the flow rate through the double-port
was set accordingly. The total UA-value of 1.9 W/K for store heat losses was derived from the test of the store with
VIP insulation according to the EN 12897 (CEN, 2006b). Vertical thermal conductivity was calculated theoretically
and a value of 1.4 W/(m K) was set.
The external solar heat exchanger was modelled using Type 5, while the external DHW module was modelled with
Type 805 (Haller, 2006). The heat transfer of the heat exchangers was modelled as with fixed UA-value with the
values derived from laboratory tests carried out on the storage tank. Heat losses from the two heat exchangers were
modelled by means of two extra pipe models. The U-value for these pipes was calculated based on assumptions of
Andersen and Furbo, (2007 b). For the case with the DHW heat exchanger, it was assumed flow through this pipe
was only during discharging.
The heat pump was modelled with Type 887 (Hengel et al., 2014). Type 887 is a semi-physical model for
compression heat pumps with vapour injection based on a calculation of the thermodynamic refrigerant cycle and
the thermal properties of the used refrigerant. This model is augmented with a simple time constant approach to
consider the start-and stop behavior and the corresponding heat pump start/stop losses. The parameter values were
derived from manufacturer data for the compressor and the air heat exchanger. The swept volume flow rate of the
scroll compressor is 2.8 m3/h at 3000 rpm and the nominal volume flow rate of the air evaporator is 5000 m3/h. In
the model, the injection port position is defined by means of the ratio of the high pressure section of the
compressor's swept volume to the total compressor's swept volume. A value of 69 % was assumed in the study and
kept constant in all simulations. The modeling of the compressor efficiency was done with an approach that uses the
overall isentropic efficiency (is) and the overall volumetric efficiency (vol). Polynomials were used for the
dependency of is and vol on evaporation temperature, condensation temperature and compressor speed.
Compressor heat losses were modelled as a percentage of the electrical power of the compressor and the percentage
value varied according to the compressor speed and the pressure ratio.
Polynomials were used for the dependency of the UA-value of heat exchangers on mass flow rate and temperature
of the fluids on both sides.
The electricity use of the water circulation pumps and connecting pipes were modelled as in Poppi et al. (2016).

3.3 System model validation
The complete system was assembled and tested in laboratory. The system consisted of the heat pump, the storage
tank, the solar station (two circulation pumps, a plate heat exchanger and valves), the DHW station (a circulation
pump, a plate heat exchanger, a mixing valve), the circulation pump and the mixing valve of SH distribution system,
the circulation pump used for HP charging the store, the system control unit and additional components and sensors
needed for the control of the system. The outdoor unit, which consisted of the air evaporator, fans and expansion
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valve, was placed in a climatic chamber. The solar collector field was not part of the tested system, but was
simulated and emulated by the test rig. The test rig also emulated the radiator heating system including the
thermostatic valve, the domestic hot water (DHW) draw-offs and the environmental heat source of the heat
pump. Measurements data of a 6-day test were stored onto two data-loggers and data used for validating the system
model. The following procedure was used for validating the model.
1) Derivation of the heat pump time constant: This was done by fitting the corresponding parameter of the heat
pump model in order to result the same HP ,SPF of the measurements for a specific store charging process.
2) Validation of the heat pump model (stand-alone): This was performed based on a control signal derived from
the measured compressor power during the whole test sequence. (Note that the compressor power is not
linearly related with the compressor speed (the control signal of the model). The percentage error (ε) in total
transferred energies was calculated according to equation (7) and for the following quantities: the electricity
consumption of the heat pump (Wel,HP), for the condenser heat output (Qcond,HP) and for the heat pump SPF,HP.
ε = (Xc – Xm )· ∕ Xm

(7)

Where Xc and Xm are the simulated and the measured quantities, respectively. All values for ε were within 1%
of one other.
3) Calibration of the rest of the system model with no heat pump model: The measured heat pump heating rate was
supplied to the system model. ε was calculated for the SH energy (QSH), the DHW energy (QDHW) and collector
energy (QSC). All values of ε were within 2% of one another.

4. RESULTS AND DISCUSSION
4.1 Novel system
Table 3 shows results for the novel system for the range of two climates and two buildings. W el,SHP+,pen varies from
1659 to 7094 kWh/year while SPFSHP+,pen varies from 3.84 to 2.84 in reverse order. This gives a wide range of
conditions in electricity use and a smaller range of conditions in SPFSHP+,pen. The novel system performs the best in
the AZ100 boundary conditions. For these conditions, the SPFSHP+,pen of the novel system is 14% better than the SoA
benchmark system.
Table 3: SPF and total electricity use for the novel system

SPFSHP+,pen

Unit
[-]

AZ45
3.06

AZ100
2.84

AC45
3.84

AC100
3.32

Wel,SHP+,pen

[kWh/year]

3689

7094

1659

3567

Figure 3 (left) shows the overall system energy balances for the novel system with the AZ100 boundary conditions.
Solar collector energy and store energy losses are in the amount of 3971 and 334 kWh a year respectively. Auxiliary
losses are in the amount of 1329 kWh a year corresponding to 6% of total out-energy. Auxiliary losses include the
start/stop losses of heat pump cycle, the compressor heat losses to ambient and losses due to defrosting of the
outdoor evaporator heat exchanger. The compressor heat losses to the ambient cover 31% of auxiliary losses.
Figure 3 (right) shows the heat balance for the store. As is shown, a large amount (50%) of the total energy of the
store is covered by solar and thermal losses cover only 5% of the store out-energy. Note that a significant part of the
space heating load is delivered directly from the heat pump and thus not included in the heat balance for the store.
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0
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Figure 3: Overall system results (left) and heat balance for the store (right) of the novel system
Figure 4 shows the electricity use in the novel system. The heat pump compressor uses 82%, the fan uses 13% while
the energy consumption of controllers and circulation pumps is 2% and 3% respectively.

2% 3% 0%
13%

HP Compressor
HP Ventilator
Controllers
Pumps

82%

El. Aux. Heater

Figure 4: Electricity use of the novel system

4.2 Comparison with state of art benchmark system

Figure 5 shows the change in Wel,SHP+,pen (bottom) and Cost10 (top) for the whole matrix of variation of
buildings/climate. The y-axis shows the changes in Cost10 in (€) on top left and changes in Wel,SHP+,pen in
(kWh/year) on bottom right. For each combination building/climate, the results of the sensitivity analysis (Figure 6)
are also given and are shown with the use of error bars. The value of the error bars corresponds to the change in
Cost10 with electricity price (0.1 €/kWh and 0.3 €/kWh) with fixed, default values for the other economic
parameters.
Wel,SHP+,pen has negative and positive values and the complete range varies from -1233 kWh/year for the SFH100
house standard to 74 kWh/year for the SFH45 in Zurich. For the SFH100 house, the changes in Wel,SHP+,pen are due
to the better heat pump SPF (SPF,HP) compared to the SoA benchmark system. SPF,HP in percentage varies from
9% in Carcassonne to 16% in Zurich. Wel,SHP+,pen are also larger in Zurich than in Carcassonne due to the larger
demand for SH and DHW. For the SFH45 house, the novel system performs equally than the SoA benchmark
system in Carcassonne while performs worse in Zurich.
Cost10 varies similarly to Wel,SHP+,pen and from -99€ to 1655€. The changes in Cost10 are larger for the SFH100
than for the SFH45 and in Zurich more than in Carcassonne due to the larger electricity use. For the SFH45 house,
negative values of Cost10 are interpreted as cost benefits for the SoA benchmark system compared to the novel
system.
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Figure 5: Changes in system electricity Wel,SHP+,pen (bottom) and additional investment limit Cost10 (top) for the
novel system. Error bars show range for electricity price of 0.1 – 0.3 €/kWh

change in Cost10 [€]

Figure 6 shows results of the sensitivity analysis on electricity price, inflation rate and annuity interest rate. The yaxis shows the absolute difference in Cost10 in €. The x-axis shows the range of variation in electricity price (p el),
inflation rate (j) and interest rate (i). The total range of Cost10 for both houses varies from -50 € (0.1 €/kWh
electricity price) to 2482 € (0.3 €/kWh electricity price) for Zurich and similarly from -7 € to 886 € for Carcassonne.
The trend of variation of Cost10 is similar for both the SFH45 and the SFH100 and for both Zurich and
Carcassonne and thus the consistency and the robustness of the economic model are shown. Cost10 is more
sensitive to the variation of electricity price than to the variation of inflation rate and annuity interest rate.

€ 500
€ 300
€ 100
-60%

-40%
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-€ 100 0%

20%

40%

60%
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-€ 500
AZ45_pel

AZ45_j

AZ45_i
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AC45_j

AC45_i

AC100_pel

AC100_j

AC100_i

Figure 6: Changes in Cost10 for variation of assumed economic parameters: electricity price (p el), inflation rate (j)
and interest rate (i). Scale factors in percentage were used for varying the values from the base-case. Changes in
Cost10 in € are shown for the scale factors
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5. CONCLUSIONS
The techno-economic analysis of a novel solar thermal and air-source heat pump system has been carried out. The
novel system was designed specifically for higher heat loads (SFH100) and relatively high operating temperatures in
the SH circuit (45°C/55°C). The system includes the use of vapor injection cycle in order to provide high COP for
high temperature lifts and with vacuum insulation (VIP) together with a stratified tank and external heat exchangers
for improving storage efficiency. A simulation model of the complete system was validated against measurements of
a 6-day test which was performed in laboratory. The novel system has a SPFSHP+,pen of 2.84 and an annual electricity
consumption of 7094 kWh/year, whereof the majority is used to run the compressor and ventilator of the heat pump.
Auxiliary losses and storage heat losses are very small accounting for 6% and 1%, respectively, of the total thermal
energy produced. Annual simulations have been performed for two climates, Zurich (ZH) and Carcassonne (CA), as
well as for two buildings with different insulation standards, SFH45 and SFH100. Results show a wide range of
conditions in electricity use and a smaller range of conditions in seasonal performance (SPF) with the best results
achieved for the boundary conditions ZH100, those for which the system has been designed for. A cost-effectiveness
analysis has been carried out and the “additional investment limit” calculated for the combination of the two
climates and the two house standards. This is the maximum extra investment cost for the novel system in
comparison to state of art solar heat pump system that will give a break even result for a period of 10 years. Results
show larger potential for the novel system being cost-effective in the case of SFH100 house standard and in the
colder climate. Additional investment limit varies between 827 € and 2482 € depending on electricity price. A
sensitivity analysis has been carried out to show the impact of interest rate, inflation rate and price of electricity on
the additional investment limit. Results show that the additional investment limit is much more sensitive to the
variation of electricity price than to the variation of inflation rate and annuity interest rate. Similar trend was noticed
for all case scenarios.

NOMENCLATURE
AN
ASHP
AC45

AC100

AZ45
AZ100
COP
DHW
HP
I
i
j
n
p
Q
SoA
SH
SPF
VIP
W


Annuity (€/year)
Air source heat pump
ASHP, house insulation standard
SFH45 and with Carcassonne
climate
ASHP, house insulation standard
SFH100 and with Carcassonne
climate
ASHP, house insulation standard
SFH45 and with Zurich climate
ASHP, house insulation standard
SFH100 and with Zurich climate
Coefficient of Performance (–)
Domestic hot water
Heat pump
Annual solar radiation (kWh/year)
Interest rate (%)
Increase of inflation (%)
year (–)
Price of electricity (€/kWh)
Annual thermal energy (kWh/year)
State of Art
Space heating
Seasonal Performance Factor (–)
Vacuum Insulation Panels
Annual
electrical
energy
consumption (kWh/year)
Efficiency

Subscript
el
SHP
Cond
Ctr
cpr
DHW
dist
EH
HP
is
LOSS
n
pen
SoA
SC
SH
SHP
tot
vol

ε
45

electricity
solar heat pump
heat pump condenser
controller
compressor
domestic hot water
distribution pumps
auxiliary electrical heater
heat pump
isentropic efficiency
losses
year
penalties
state of art
solar collector
space heating
solar heat pump
total
volumetric efficiency
percentage error
tilt angle of solar collector
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